ing AFMs.
The magneto-optical (MO) Kerr and Faraday effects in ferro-and ferrimagnets arise from the combined effects of band exchange splitting and spin-orbit interactions (SOI) [17] [18] [19] and are powerful probes of the local magnetization in such materials. In the case of antiferromagnets (AFMs), observation of the MOKE has been restricted to a certain class of insulators (e.g. orthoferrites and iron borate) [9] [10] [11] [12] [13] [20] [21] [22] , which have weak ferromagnetism due to canting of the otherwise collinear Néel order. In the fully compensated collinear AFMs, where the MOKE is usually absent, the quadratic MO effects such as the Voigt effect can be useful to determine the Néel vector 23 .
On the other hand, recent theoretical and experimental progress has revealed that systems such as certain spin liquids and non-collinear antiferromagnets may exhibit a large Hall response in zero applied magnetic field (anomalous Hall effect or AHE) despite a vanishing magnetization 15, [24] [25] [26] [27] [28] [29] [30] [31] . Because the AHE has the same symmetry requirements as the MOKE 32 , it is possible that the same class of antiferromagnets may exhibit a Kerr rotation. Thus, the recent experimental discovery of a large AHE in the non-collinear antiferromagnet Mn 3 Sn and its soft response to a magnetic field 15 give promise for a potentially large MOKE character.
metrical frustration (Figure 1a ) 15, 33, 34 . Significantly, this three-sublattice AF state on the kagome bilayers can be viewed as ferroic ordering of cluster magnetic octupoles (Fig. 1a ) 16 . In addition to this dominant order parameter, the moments cant slightly in the plane to produce a small net ferromagnetic (FM) moment of ∼0.002 µ B /Mn along the local easy axis in the (0001)-plane, e.g.
[2110]
and [0110] 15 . This small moment, which corresponds to less than 10 −3 of the local Mn moment, is theoretically understood to result from the competition between the DM interaction and singleion anisotropy 35 . Although, as we discuss below, the sub-dominant FM order is not responsible for the AHE and MOKE, it is essential (together with concomitant weak in-plane anisotropy) for magnetic field control of the AF spin structure. This control is demonstrated, for example, by the ability to reverse the sign of the AHE by application of a small applied field of B ∼15 mT within the (0001)-plane, which is sufficient to reverse the direction of the Mn moments 15 .
Before presenting the main MOKE results, we shall first discuss the AHE and magnetization curve. In this study, we used as-grown single crystals with the composition of Mn (Fig. 2a) . The coercive field of B C ∼12 mT is consistent with the hysteresis curve obtained in ρ H (B), indicating that the magnetic properties at the surface are nominally identical to those in the bulk. The MOKE in an AF metal is unprecedented. Figure   2b provides the longitudinal MOKE loops measured in various B directions within the (2110)-plane at 300 K (Methods). Upon changing the direction of both the applied field B and plane of
• ) in the (2110)-plane (Fig. 2c) , we find that the MOKE signal decreases and the coercivity increases. Finally, the MOKE signal disappears when B and the plane of incidence are parallel to the magnetic hard axis [0001] (ϕ = 90 • ). The signal magnitude is proportional to the projection of B onto [0110], which demonstrates that the surface magnetic character probed by the MOKE is consistent with our previous studies on bulk transport and magnetization 15 . We also performed polar MOKE spectroscopy on the same sample with the wavelength from 400 nm to 1100 nm at 300 K (Methods). In Fig. 2d , we plot the spontaneous
, which removes time-reversal even effects such as birefringence resulting from structural anisotropy and the Voigt effect, and illustrates the history dependent remnant response. The spectra show a broad peak with magnitude 19.6 milli-degrees at λ = 580 nm (2.1 eV).
A striking property of the MOKE data is that, once application of a small magnetic field serves to rotate the spin orientation, further increase of the field and therefore the magnetization, does not affect much on the size of the Kerr effect ( Fig. 1d and Fig. 2a ). This observation strongly suggests that the amplitude of the MOKE and the FM magnetization are entirely decoupled in this system. As a result, the ratio of the MOKE amplitude to M is unusually large. reproduces the large Kerr rotation of ∼30 milli-degrees at around 520 nm (2.4 eV) (Fig. 2d inset) , which corresponds to the observed value of ∼20 milli-degrees at 580 nm (2.1 eV). Our results of a large MOKE without spin magnetization sharply contrast with the previously known AF insulator cases where weak ferromagnetism has been believed to be essential for the presence of the MOKE 11, 12, 37 . In addition, we find almost no change in the Kerr angle by increasing M from 0 to 0.005 µ B /formula unit (f.u.) ( Fig. 2d inset) . In contrast, the change in the size of the octupole, which is proportional to the sublattice moment, should lead to a significant change in the band structure and AHE 16 , and hence in the MOKE. Therefore, in Mn 3 Sn, it is not magnetization but magnetic octupole that induces the large MOKE. Further reflectivity measurements using e.g.
Fourier-transform infrared spectroscopy will be useful to clarify σ ij (ω) and will help understand the origin of the MOKE in the AF metallic state.
Having shown the sizable Kerr rotation in Mn 3 Sn, we demonstrate the application of the MOKE microscopy as a useful non-contact and non-destructive probe for imaging of magnetic domains and their corresponding dynamics. In particular, we apply the polar MOKE to visualize the (Fig. 4d) , the view of the entire region (25 µm × 50 µm) reflects an oppositely aligned domain in contrast to the initial domain configuration (Fig. 4a) . Similar evolution of the domain images is obtained for the field-increasing and -decreasing processes (Fig. 4) . Interestingly, the domain images around zero field in the field-increasing (Fig. 4a ) and -decreasing processes (Fig. 4e) show grey/black contrast, respectively, confirming that these mono-domains have a spontaneous Kerr angle at zero field whose sign can be switched by a modest coercive field ∼10 mT. This is the first observation of the domain reversal in an AF metal and the magnetic octupole domain reversal by MOKE microscopy.
The observation of the large MOKE signal and the magnetic octupole domain reversal in the antiferromagnet Mn 3 Sn has various implications. In spintronics, antiferromagnets have attracted significant attention as a potential active element in the next generation memory technology [5] [6] [7] [8] [9] .
The MOKE in AF metals may well accelerate the development of future memory devices with emergent optical, magnetic and electric properties by taking advantage of significantly large reflectivity in comparison with insulators. Furthermore, our success in the magneto-optical imaging of the domain configurations in an AF metal opens a new avenue for studying current-driven domain dynamics. In principle, the AF domain dynamics could be very different from the ones in ferromagnets as the magneto-static energy, which is the primary driving force of the domain formation in ferromagnets, is unimportant in antiferromagnets. In particular in Mn 3 Sn, six magnetic domains and the associated various types of topological defects could be possible including a vortex type of point defect around which the six domains meet. It is a future subject to investigate the possible current-induced AF domain wall motion 38 . Finally, the topological aspect of the magnetic state (magnetic Weyl state) of Mn 3 Sn, which has been recently pointed out by theoretical 39 and experimental 40 studies, would make it interesting to investigate the Berry curvature effects in the MOKE at low frequency, and further make the topological defects even more attractive as the bulk-edge correspondence for such a magnetic Weyl semimetallic state may lead to a Fermi arc in a magnetic domain wall, and contribute to the MOKE signal in an unconventional fashion 38, 41 . One hundred MOKE loops were averaged in order to improve the signal to noise fidelity. To obtain the MOKE signal, which is an odd function of magnetic field B (more precisely magnetization M and/or ferroic octupole order parameter in Mn 3 Sn), we calculated the Kerr rotation to be
Methods
Magneto-optical Kerr effect (MOKE) spectroscopy shown in Fig. 2d . Magneto-optical Kerr effect spectroscopy was performed by using a W-filament light source and grating monochromator. Computational details. Under the magnetic structure shown in Fig. 1a , the conductivity tensor has the form 
where Ω c is the cell volume, N k is the number of k-points, f (ǫ) is the Fermi distribution function, and η is the smearing parameter. Since the incident light is along the x-axis, the polar Kerr effect can be described by the two eigen modes, E ± and corresponding complex refractive indices, n ± .
Here, E ± and n ± are the solutions of the Fresnel equation for Eq. (1) and given as
Then, by decomposing the linearly polarized incident light, E z , as E z = pE + + qE − , the reflected light is written as
Thus, by analyzing the orientation of the ellipse of this light, the Kerr rotation, θ K is obtained. For calculating Eq. (2), the Kohn-Sham energy, ǫ nk , and wavefunction, |ψ nk , were obtained within the generalized-gradient approximation 44 based on the density functional theory as implemented in the quantum-ESPRESSO package 45 . A 7 × 7 × 7 k-point grid, ultrasoft pseudopotentials 46 and plane wave basis sets with cutoff energies of 80 Ry for wavefunctions and 320 Ry for charge densities were used. The obtained magnetic moment for each Mn atom is 3.26 µ B while the total magnetic moment vanishes due to cancellation within the numerical error. We also performed calculation with constraint on M and calculated θ K for M = 0.005 and 0.025 µ B /f.u.. The summation in Eq. (2) were taken using a Wannier-interpolated band structure 47 with a 50 × 50 × 50 k-point grid and a smearing width of η = 0.4 eV.
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